Brain edema is characterized by an increase in net brain water content, which results in an increase in brain volume. Although brain edema is associated with a high fatality rate, the cellular and molecular processes of edema remain largely unclear. Here, we developed an in vitro model of ischemic stroke-induced edema in which male mouse brain slices were treated with oxygen-glucose deprivation (OGD) to mimic ischemia. We continuously measured the cross-sectional area of the brain slice for 150 min under macroscopic microscopy, finding that OGD induces swelling of brain slices. OGD-induced swelling was prevented by pharmacologically blocking or genetically knocking out the transient receptor potential vanilloid 4 (TRPV4), a member of the thermosensitive TRP channel family. Because TRPV4 is activated at around body temperature and its activation is enhanced by heating, we next elevated the temperature of the perfusate in the recording chamber, finding that hyperthermia induces swelling via TRPV4 activation. Furthermore, using the temperature-dependent fluorescence lifetime of a fluorescent-thermosensitive probe, we confirmed that OGD treatment increases the temperature of brain slices through the activation of glutamate receptors. Finally, we found that brain edema following traumatic brain injury was suppressed in TRPV4-deficient male mice in vivo. Thus, our study proposes a novel mechanism: hyperthermia activates TRPV4 and induces brain edema after ischemia.
Introduction
Brain edema is characterized by excessive water accumulation in the brain tissue or cells, resulting in an increase in brain volume (Klatzo, 1967) . Brain edema is commonly associated with ischemic stroke with severe middle cerebral artery or hemispheric infarctions (Hacke et al., 1996; Aiyagari and Diringer, 2002) . Because brain edema usually progresses at the early stage of ischemic stroke before ischemia-induced neuronal death and is associated with mortality rates reaching 55% with acute liver failure, 60% with traumatic brain injury (TBI), and 80% with isch-emic infarcts and intracerebral hemorrhage (Bernal et al., 2013; Stokum et al., 2016; Tucker et al., 2017) , prompt antiedema intervention is necessary. Some studies have focused on antiedema therapies (Bardutzky and Schwab, 2007) , but mostly, neuronal cell death (vs edema itself) has been targeted in stroke studies and drug discoveries. Thereby, effective neuroprotective treatment of brain edema has not been established, mainly because the cellular and molecular mechanisms underlying brain edema remain unclear.
To study ischemic stroke-induced brain edema, in vivo animal models have been used, in which the water content or infarct volume of isolated brain tissue is used as a parameter (Lin et al., 1993; Betz et al., 1994; Paczynski et al., 2000) . To examine the cellular and molecular mechanisms underlying brain edema, however, the use of brain-targeted pharmacological experiments in vivo is difficult. Further, although it is essential to clarify the temporal development of brain edema, time-lapse analysis of edema in the same animal in vivo is not realistic. To overcome these issues for the study of brain edema, we have developed an in vitro model of ischemia-induced brain edema. The model enabled us to easily perform pharmacological experiments and to examine time-dependent brain swelling.
Using our in vitro model, we chose to study the involvement of hyperthermia (HT) in brain edema because hypothermiatargeted temperature management (HTTM) is sometimes effective for the treatment of severe TBI (Nielsen et al., 2013; Polderman and Varon, 2015) . However, HTTM as a treatment for brain edema is not widely used because it is difficult to perform correctly. Additionally, it remains controversial whether HTTM is effective (Jiang et al., 2006; Hemmen et al., 2010) or not (Clifton et al., 2001 (Clifton et al., , 2011 ) on brain injury, including edema, and the molecular targets of HTTM are unclear. In the present study, we specifically examined the role of thermosensitive transient receptor potential vanilloid 4 (TRPV4) in brain edema. TRPV4 is a nonselective cation channel that is expressed in the brain (Kauer and Gibson, 2009; Everaerts et al., 2010; White et al., 2016 ) and activated at around body temperature (Ͼ27°C-34°C) (Güler et al., 2002; Shibasaki et al., 2007 Shibasaki et al., , 2015 . TRPV4 also serves as an osmotic sensor that mediates changes in osmotic pressure in response to cellular responses in the brain (Liedtke and Friedman, 2003; Mizuno et al., 2003) . Further, it has been suggested that TRPV4 activation mediates neuronal and glial responses to swelling in the retina (Ryskamp et al., 2014) . In addition, the cellular volume of astrocytes is regulated by interactions between TRPV4 and the glial water channel aquaporin 4 (AQP4) (Benfenati et al., 2011; . Further, some reports have studied the molecules that could regulate the downstream signaling of TRPV4, such as matrix metalloproteinases (Jie et al., 2015) or the expression of TRPV4, such as Na ϩ K ϩ 2Cl Ϫ cotransporter (NKCC1) (Lu et al., 2017 ) in brain edema. However, it remains unclear whether and how TRPV4 is activated via temperaturedependent mechanisms in the process of brain edema. Here, we examined the possible involvement of HT following TRPV4 activation in brain edema in vitro and in vivo.
Materials and Methods
Animal ethics. Experiments were performed with the approval of the animal experiment ethics committee at the University of Tokyo (approval number: P24 -70) and according to the University of Tokyo guidelines for the care and use of laboratory animals. C57BL/6J mice (male, 7-10 weeks old, SLC Japan, RRID:IMSR_JAX:000664) and TRPV4-deficient (TRPV4 knock-out [KO]) mice (Mizuno et al., 2003; were used. The genotypes were determined by PCR using the following steps: (1) DNA from a small toe sample was extracted; (2) the PCR product of ϳ1500 bp was amplified using a forward primer trpv4 exon 4R (5Ј-TGTTCGGGGTGGTTTGGCCAGGATAT-3Ј), trpv4 neo forward: (5Ј-GCTGCATACGCTTGATCCGGCTAC-3Ј) and a reverse primer trpv4 exon 4R (5Ј-GCTGAACCAAAGGACACTTGCATAG-3Ј). The deletion of 800 bp was used to confirm the TRPV4 deficient. TRPV4-deficient mice were mated to C57BL/6 mice to the fourth generation, and we gained mutant line. We used the 25th generation of TRPV4 KO mice, which had been backcrossed with C57BL/6J mice at every fifth generation. The mice were maintained under controlled temperatures and light schedule with unlimited food and water.
Composition of ACSF and mACSF. ACSF contained the following: 127 mM NaCl, 26 mM NaHCO 3 , 3.5 mM KCl, 1.24 mM KH 2 PO 4 , 1.4 mM MgSO 4 , 1.2 mM CaCl 2 , and 10 mM glucose. Modified ACSF (mACSF) contained the following: 222.1 mM sucrose, 27 mM NaHCO 3 , 1.4 mM NaH 2 PO 4 , 2.5 mM KCl, 0.5 mM ascorbic acid, 1 mM CaCl 2 , and 7 mM MgSO 4 . Both ACSF and mACSF were bubbled with 95% O 2 and 5% CO 2 .
Slice preparation. The mice were decapitated under anesthesia, and the brains were immediately immersed in ice-cold ACSF. Coronal slices (400 m thick) were prepared using a vibratome (VT1200S, Leica) in ice-cold mACSF. Slices were maintained at room temperature in ACSF before time-lapse imaging. Both ACSF and mACSF were bubbled with 95% O 2 and 5% CO 2 .
In vitro time-lapse imaging. Coronal slices were placed on membrane filters (Omnipore, Merck Millipore) in a recording chamber (4 cm ϫ 1.5 cm ϫ 3 mm) and perfused with temperature-regulated ACSF at a rate of 5.0 -5.5 ml/min. The temperature of the ACSF was kept at 30 Ϯ 1.0°C and at 33 Ϯ 1.0°C for mild HT treatment and at 40 Ϯ 1.0°C for severe HT treatment using a hot plate (Thermo plate MATS-505SF, Tokai Hit) positioned under a recording chamber. The hot plate was used to keep the temperature of recording chamber (but not the slice itself) so that the perfusate in the chamber is not cooled down quickly. The perfusate was heated in an incubator, which was set out of the recording chamber and perfused into the recording chamber. We measured the temperature of perfusate in the chamber digitally in real time and confirmed that the temperature is kept at indicated value.
Brain slices were photographed every 30 min using a macrozoom microscope system, MVX-ZB10 (Olympus), equipped with a CCD camera, CSU-DV887-MCD (Yokogawa Electric). The area of the coronal slices was measured using ImageJ (National Institutes of Health, RRID: SCR_003070). For oxygen-glucose deprivation (OGD) treatment, bubbling of 95% O 2 and 5% CO 2 in ACSF was stopped and replaced with 95% N 2 and 5% CO 2 , and the glucose was replaced with sucrose to maintain the osmolality of ACSF (Salter and Fern, 2005; Thompson et al., 2006) . After OGD treatment, the perfusate was promptly replaced with normal ACSF.
Water content measurement of brain slices. The extent of slice swelling was determined by the wet-and dry-weight method. The wet weight was determined immediately after imaging (140 min after OGD treatment). The dry weight was determined after drying the tissue to a constant weight at 55°C for 24 h. Tissue water content was calculated as % H 2 O ϭ (wet weight Ϫ dry weight)/wet weight ϫ 100%.
Temperature imaging. Brain slices were labeled with a cell-permeable fluorescent polymeric thermometer (FPT, Funakoshi) , and the intracellular temperature in brain slices was measured using fluorescence lifetime imaging microscopy (FLIM), as previously described with modification (Okabe et al., 2012; Hayashi et al., 2015) .
Labeling of brain slices with a cell-permeable FPT. FPT stock solution (1% in water) was preincubated at 4°C overnight before use so that the polymer was swollen. Brain slices were incubated with 30 l of 0.08% FPT in 5% glucose in water (Okabe et al., 2012; Hayashi et al., 2015) at room temperature for 10 min. After incubation, FPT solution was removed, and the brain slices were rinsed with ACSF.
FLIM. For intracellular temperature imaging, the temperature of the microscope stage was regulated and monitored using INUBSF-ZILCS (Tokai Hit). A TCS-SP8 confocal laser-scanning microscope (Leica) equipped with a 470 nm laser (PDL 800-B, PicoQuant) and timecorrelated single photon counting (TCSPC) module Pico Harp 300 (PicoQuant) was used for fluorescence lifetime analysis. The pulse repe-tition rate of the 470 nm laser was set at 20 MHz. The fluorescence was captured with an HC PL APO 63ϫ 1.40 NA oil CS2 objective (Leica) with zoom factor of 1 in 128 ϫ 128-pixel format and pinhole size of 5 unit at 100 Hz scanning speed (scanning duration was set for 30 s) through a 500 -700 nm bandpass filter. The laser power was controlled so that the photon count rate became ϳ1% of pulse count rate (2 ϫ 10 7 Hz). The fluorescence lifetime images were obtained using SymPhoTime's "FAST FLIM" software (PicoQuant, RRID:SCR_016263). For quantitative analysis of lifetime, the obtained fluorescence decay curve was fitted with a double exponential function using SymPhoTime software (PicoQuant) using the following equation:
Then, the fluorescence lifetime ( f ) was calculated using the following equation:
The fluorescence lifetime for each pixel was calculated using Equation 2 and averaged within the whole image. The calibration curve for the temperature imaging of brain slices with the FPT was obtained by approximating the relationship between the averaged fluorescence lifetime of the FPT in brain slices and the temperature to the monomial (correlation coefficient r ϭ 0.98).
where T and f (T) represent the temperature (°C) and the fluorescence lifetime (ns) at T°C, respectively. Cortical stab wound and histological analysis. Wild-type littermates or TRPV4 KO mice (10 weeks old) were anesthetized using ketamine (85 mg/kg body weight) and xylazine (12 mg/kg body weight) via intraperitoneal injection and placed in a stereotactic instrument (Narishige SR-5V-H). A 1-cm-long incision in the skin was made, and the skull was thinned (3-4 mm in length) in the right hemisphere region located 2 mm from the sagittal suture and 4 mm from the olfactory lobe by using an electric drill. We used a 26G needle to pierce the cortex 2 mm deep, 10 times at various angles using a stereotactic arm. Mice were monitored for 7 d and killed by perfusion with 4% PFA. Brains were incubated overnight in 4% PFA and washed with PBS. The brains were incubated overnight in 25% sucrose/PBS and embedded in optimal cutting temperature (OCT) compound. Coronal brain sections (20 mm thickness) were made using a cryostat (Leica CM-3050S). Brain sections were stained with H&E and mounted with mounting medium (CC mount). Images were acquired using an Olympus BX-53 microscope equipped with a cooled CCD camera (Olympus DP80). Images were analyzed by cellSens software (Olympus, RRID:SCR_014551), and cortical edema was measured as the increase in cortex thickness. To calculate the thickness of the cortex, 3 slices were selected across the injured zone (distance between slices: 40 m) in each individual mouse.
Reagents. The selective TRPV4 antagonist HC-067047 (2-methyl-1-
and L-glutamic acid were purchased from Sigma-Aldrich. The selective NMDA antagonist D-AP5 and AMPA/kainate antagonist CNQX were purchased from Tocris Bioscience.
We used DMSO (final concentration, 0.05% in recording medium) as a vehicle for each reagent throughout the experiments. To make sure that DMSO alone does not affect the swelling of brain slice, we compared the swelling of slices (slice area) between naive control and DMSO, finding no significant differences at each time point (Control, 103.002 Ϯ 0.805%; DMSO, 0.05%, 102.975 Ϯ 0.334%; p ϭ 0.605, two-way repeatedmeasures ANOVA; n ϭ 8 -10 slices).
Immunostaining. After the time-lapse imaging, brain slices were fixed in 4% PFA at 4°C for 24 h and immunostained with the following primary antibodies: mouse anti-NeuN (1:500; Millipore catalog #MAB377 RRID:AB_2298772), rabbit anti-GFAP (1:500; Millipore catalog #AB5804 RRID:AB_2109645), and chicken anti-Iba1 (1:500; Abcam catalog #ab139590 RRID:AB_2728648) and AlexaFluor-488-, AlexaFluor-594-, and AlexaFluor-647-conjugated secondary antibodies (1:500; Thermo Fisher Scientific, catalog #A-11039 RRID:AB_2534096, catalog #A-11005 RRID:AB_2534073, catalog #A-21244 RRID:AB_2535812, respectively). The fixed slices were rinsed three times with 0.1 M phosphate buffer. Slices were then permeabilized 72 h at 4°C in 0.1 M phosphate with 0.1% Triton X-100 and 10% goat serum. After permeabilization, the samples were subsequently incubated with primary antibodies in 0.1 M phosphate buffer with 0.1% Triton X-100 and 10% goat serum overnight at room temperature with agitation. After primary antibody incubation, the slices were rinsed three times with 0.1 M phosphate buffer and then incubated with secondary antibodies in 0.1 M phosphate buffer with 0.1% Triton X-100 and 10% goat serum overnight at room temperature with agitation. Finally, the samples were rinsed three times with 0.1 M phosphate buffer, and images were obtained with a confocal microscope FV1200 (Olympus, RRID:SCR_016264). The stacked images were prepared using ImageJ. Z-series images were collected at 1.0 m steps and analyzed using ImageJ.
Measurement of propidium iodide-positive cell. Brains were removed and cut at 400 m thickness by vibratome and incubated 150 min with propidium iodide (0.1 mg/L). After incubation, brain slices were observed under confocal microscope FV1200 (Olympus) with a 40ϫ objective without fixing. The stacked images were prepared using ImageJ. Z-series images were collected at 0.33 m steps, and 16 Z-sections (5.0 m thick) were stacked using ImageJ. We counted propidium iodidepositive cell and calculated the density of propidium iodide-positive cells (cells/mm 2 ). Experimental design and statistical analysis. Prism 6 (RRID: SCR_002798) and Sigma-Plot 12 (RRID:SCR_003210) software were used to analyze data and generate the graphs in this work. Minimum sample sizes were estimated from previously published datasets with similar experimental parameters. Data were pooled from at least 3 independent experiments. Data were collected and statistically analyzed in a blind manner to avoid bias. For water content measurements, we used 3 slices from each mouse (n ϭ 4). For area and temperature measurements, we used 2 slices (randomly assigned to either the treatment or control group) from each mouse (at least n ϭ 3 per experiment). For in vivo experiments, we measured thickness of cortex from 3 points per mice (n ϭ 5) (for sample sizes and p values, see figure legends). The data are represented as mean Ϯ SEM. The Mann-Whitney U test was used for nonparametric statistics, whereas the Student's t test or Tukey's test after two-way repeated-measures ANOVA was used for parametric statistics.
Results

TRPV4 inhibition supresses OGD-induced brain edema in vitro
To examine brain edema in vitro, we performed time-lapse analysis of the changes in the area of acutely sectioned brain slices in ACSF. We placed coronal slices of adult mouse brains in a recording chamber that was perfused with warmed (30 Ϯ 1.0°C) ACSF (Fig. 1A) . To mimic ischemia, the brain slices were treated with OGD, which is frequently used to induce an ischemic condition in vitro (Salter and Fern, 2005; Thompson et al., 2006) , for the first 10 min of the 150 min recording session. We set the recording session for 150 min because we found that the swelling of slices reaches plateau at ϳ150 min in our in vitro model of brain edema. To detect swelling of brain slices, we first measured the water contents of the tissue, which provides a general index of brain edema (Lin et al., 1993; Betz et al., 1994; Paczynski et al., 2000) . We found a significant increase in water content in the OGD group after 150 min (t (22) ϭ 7.515, p Ͻ 0.001; Fig. 1B) . To confirm the swelling of brain slices, changes in the cross-sectional area were continuously monitored for 150 min under macroscopic microscopy. We found that OGD treatment induced swelling of brain slices (Fig. 1A) and significantly increased the area of slices at 150 min (F (2,75) ϭ 7.313, p Ͻ 0.001; Fig. 1C ).
Using the in vitro system, we examined the involvement of the thermosensitive TRPV4 receptor in OGD-induced swelling of brain slices. The potent and selective TRPV4 antagonist HC-067047 suppressed the OGD-induced increase of slice area (F (2,75) ϭ 7.313, p Ͻ 0.001; Fig. 1C) . Further, the OGD treatment did not increase the area of brain slices that were prepared from TRPV4 KO mice (F (3,65) ϭ 9.258, p Ͻ 0.001; Fig. 1D ). These results indicate that activation of TRPV4 is a key pathway in the process of OGD-induced slice swelling.
TRPV4 activation induces brain edema in vitro
Next, we directly examined the effect of HT. HT was applied by maintaining the temperature of ACSF at 33 Ϯ 1.0°C (mild HT) or at 40 Ϯ 1.0°C (severe HT) from 0 to 150 min (F (2,45) ϭ 3.455, p Ͻ 0.001; Fig. 2A ). HT treatment significantly increased the area of brain slices, which was blocked by the TRPV4 antagonist HC-067047 (F (2,45) ϭ 3.455, p Ͻ 0.001; Fig. 2A ), indicating that activation of TRPV4 is involved in the process of HT-induced slice swelling. Further, HT did not increase the area of brain slices prepared from TRPV4 KO mice (F (2,45) ϭ 0.496, p ϭ 0.625; Fig. 2B ). We also confirmed that there was statistically no significant difference in the density of propidium iodide-positive dead cells between control, OGD, and severe HT treatment (Control, 847.413 Ϯ 81.917 ; F (2,17), p ϭ 0.484; one-way ANOVA, n ϭ 6 slices from 3 mice).
Because TRPV4 activation was required for both OGD- (Fig. 1C,D) and HT-induced (Fig. 2 A, B) increases of slice area, the potent and selective TRPV4 agonist GSK1016790A was applied from 0 to 150 min to examine the sufficiency of TRPV4 activation to produce brain tissue swelling. We found that GSK1016790A increased the area of brain slices in a dosedependent manner (F (2,45) ϭ 3.455, p ϭ 0.002; Fig. 2C ). In addition, GSK1016790A did not increase the area of brain slices that were prepared from TRPV4 KO mice (Fig. 2B) . These results indicate that TRPV4 activation is sufficient to induce brain edema in vitro.
OGD treatment increases the temperature of brain slices through glutamate receptor activation Our findings suggest that brain temperature is elevated after ischemia, which results in sensitization of TRPV4 receptors, followed by brain edema. Thus, we next examined whether cellular temperatures in the brain slices are elevated after OGD treatment. For this purpose, we performed intracellular temperature mapping using an FPT, a thermosensitive fluorescence compound that diffuses throughout the cell (Okabe et al., 2012; Hayashi et al., 2015) . The brain slices were labeled with FPT, and the temperature-dependent fluorescence lifetime of FPT was measured using TCSPC system-based FLIM (Okabe et al., 2012; Hayashi et al., 2015) . We found that layer 1 of the parietal association cortex in brain slices (Fig. 3A) is efficiently labeled with FPT (Fig. 3B) . To confirm that the fluorescence lifetime of FPT is positively correlated with the elevation of temperature, we elevated the ACSF temperature in a recording chamber, finding that the fluorescence lifetime of FPT is positively correlated with the elevation of ACSF temperature (Fig. 3C) .
Next, we investigated whether OGD treatment affects intracellular temperature in brain slices. We found that OGD treatment prolonged the fluorescence lifetime of FPT in layer 1 of the parietal association cortex (Fig. 4A) , indicating that the intracellular temperature in brain slices increased after OGD. We then calculated the estimated temperature (°C) of the brain slices, using a regression line that plots the relationship between temperature and the fluorescence lifetime of FPT (Fig. 3C) . The average difference in the estimated intracellular temperatures between the control and OGD group was 2.12°C (U ϭ 88, p ϭ 0.004; Fig. 4B ).
Figure 1. OGD-induced brain edema is suppressed by TRPV4 inhibition in vitro.
A, Representative images of control and OGD-treated brain slices in the recording chamber under macroscopic microscopy at 0 and 150 min. Scale bars, 1 mm. B, The water content of brain slices at 150 min. The water content was calculated as % H 2 O ϭ (wet weight Ϫ dry weight)/wet weight ϫ 100%. The water content of OGD-treated slices was significantly higher than that of the control. **p Ͻ 0.01 (Student's t test). n ϭ 12 slices from 4 mice. C, The percentage changes in the area of brain slices compared with 0 min are shown. OGD was applied between 0 and 10 min. The TRPV4 antagonist HC-067047 (1 M) was applied from 0 to 150 min. The OGD-induced increase in the area of the brain slices was suppressed by HC-067047. *p Ͻ 0.05 (Tukey's test after two-way repeated-measures ANOVA). ***p Ͻ 0.001 versus control (Tukey's test after two-way repeated-measures ANOVA).
# p Ͻ 0.05 (Tukey's test after two-way repeated-measures ANOVA).
## p Ͻ 0.01 (Tukey's test after two-way repeated-measures ANOVA). ### p Ͻ 0.001 versus OGD (Tukey's test after two-way repeated-measures ANOVA). n ϭ 4 -9 slices from 4 to 9 mice. D, Brain slices prepared from wild-type littermate or TRPV4 KO mice were subjected to OGD treatment. In the TRPV4 KO group, the increase in the area of the brain slice was suppressed compared with wild-type littermate. *p Ͻ 0.05 versus control (wild-type) (Tukey's test after two-way repeated-measures ANOVA). ***p Ͻ 0.001 versus control (wild-type) (Tukey's test after two-way repeated-measures ANOVA). n ϭ 3-6 slices from 3 to 6 mice. Data are mean Ϯ SEM.
Because OGD is associated with the release of glutamate into the extracellular space and with the depolarized membrane potentials through activation of glutamate receptors and TRPV4 (Lipski et al., 2006) , we investigated whether glutamate and its receptor activation mediate OGD-induced increase in the estimated intracellular temperature and the area of the brain slice. By observing the cellular temperature with FPT, we found that OGD-induced increase in the temperature was suppressed by pharmacologically blocking the glutamate receptors by coapplication of the selective NMDA receptor antagonist, D-AP5 (50 M) and the non-NMDA receptor antagonist, CNQX (50 M) (F (2,45) ϭ 16.973, p Ͻ 0.001; Fig. 4C ). We also found that OGDinduced increase in the area of brain slices was blocked by coapplication of D-AP5 and CNQX (F (2,40) ϭ 5.437, p Ͻ 0.001; Fig.  4D ). Furthermore, we found that the glutamate application alone resulted in the increase in the estimated temperature (t (25) ϭ 2.135, p ϭ 0.0427; Fig. 4E ) and the area of brain slices (F (1,30) ϭ 3.151, p ϭ 0.021; Fig. 4F ). These results suggest that OGDinduced glutamate release and following activation of the glutamate receptors are upstream of the increase in temperature of brain slices. Together with the results that HT induces the swelling of brain slices via TRPV4 activation (Fig. 2) , we propose a novel mechanism: ischemia-induced glutamatergic signaling results in the increase in brain temperature and the brain edema via TRPV4 activation.
Brain edema is attenuated in TRPV4 KO mice in vivo
Finally, we investigated the role of TRPV4 in brain edema in vivo using a mouse model of TBI, which is induced by the stab wound injury (Dwyer et al., 1996 HT treatment significantly increases the area of brain slices, a phenomenon blocked by the TRPV4 antagonist HC-067047. *p Ͻ 0.05 (Tukey's test after two-way repeated-measures ANOVA). **p Ͻ 0.01 (Tukey's test after two-way repeated-measures ANOVA). ***p Ͻ 0.001 versus control (Tukey's test after two-way repeated-measures ANOVA).
## p Ͻ 0.01 (Tukey's test after two-way repeated-measures ANOVA).
### p Ͻ 0.001 versus severe HT (Tukey's test after two-way repeated-measures ANOVA). n ϭ 4 slices from 4 mice. B, Brain slices prepared from TRPV4 KO mice were subjected to treatment with HT or the TRPV4 agonist GSK1016790A. There were no significant differences between each group in the increase in the area of brain slices. n ϭ 3-5 slices from 3 to 5 mice. C, Brain slices prepared from wild-type mice were treated with different concentrations of GSK1016790A. There was a dose dependency in the increase of brain slice area. **p Ͻ 0.01 (Tukey's test after two-way repeated-measures ANOVA). ***p Ͻ 0.001 (Tukey's test after two-way repeated-measures ANOVA). n ϭ 3-6 slices from 3 to 6 mice. Data are mean Ϯ SEM. Belkacemi et al., 2017) because TBI often induces brain ischemia, which is followed by brain edema (Bouma et al., 1991; Coles, 2004; Donkin and Vink, 2010; Pascual et al., 2011; Veenith et al., 2016; Khan et al., 2017) .
To perform TBI, defined cortical stab wounds were applied to the brains of wild-type and TRPV4 KO mice. Seven days after the lesions, the injured areas were analyzed in H&E-stained sections under light microscopy (Fig. 5A, arrowheads) . Cortical edema on the lesion side was relatively quantified with respect to the contralateral side and presented as the percentage of increase in the injured cortex thickness (Fig. 5B) . We found that formation of edema is significantly suppressed in TRPV4 KO mice compared with wild-type littermate (t (8) ϭ 3.292, p ϭ 0.011; Fig. 5B ). These results strongly indicate that TRPV4 activation is also a key determinant of brain edema development in vivo and demonstrate that our in vitro model is consistent with the development of edema in vivo.
Discussion
In the present study, using in vitro and in vivo models of brain edema, we found that TRPV4 activation is involved in the process of brain edema. Further, using intracellular temperature imaging with an FPT, we found that ischemic conditions increase the temperature of brain slices, which leads to swelling of brain slices. The OGD treatment raises the intracellular temperature of brain slices via glutamatergic signaling. A, Representative images of control (Aa-Ac) and OGD-treated (Ad-Af ) brain slices when the temperature of the perfusate was set at 30°C. The images were taken within 3 h after the slices were placed in the recording chamber. Scale bars, 50 m. B, The temperature estimated by fluorescence lifetime of FPT was shown as difference between the temperature of each sample and the average of temperatures of control samples (estimated ⌬ temperature, i.e., T-ϽT Control Ͼ). The estimated ⌬ temperature was significantly higher in the OGD group compared with control. The average difference of calculated intracellular temperature was 2.12°C. **p Ͻ 0.01 (MannWhitney U test). n ϭ 18 -20 areas from 3 mice. C, The OGD treatment significantly increased the estimated temperature of brain slices, a phenomenon blocked by coapplying the glutamate receptor antagonists CNQX (50 M) and AP-5 (50 M). *p Ͻ 0.05 (Tukey's test after one-way ANOVA). ***p Ͻ 0.001 (Tukey's test after one-way ANOVA). n ϭ 12-20 areas from 3 to 6 mice. D, The OGD-induced increase in the area of the brain slices was blocked by coapplying CNQX (50 M) and AP-5 (50 M). *p Ͻ 0.05 versus control (Tukey's test after two-way repeated-measures ANOVA). ***p Ͻ 0.001 versus control (Tukey's test after two-way repeated-measures ANOVA).
# p Ͻ 0.05 versus OGD (Tukey's test after two-way repeated-measures ANOVA). ## p Ͻ 0.01 versus OGD (Tukey's test after two-way repeated-measures ANOVA). n ϭ 3 or 4 slices. E, When glutamate (100 M) was applied in the recording chamber and the FPT images were taken 3 h later, the estimated ⌬ temperature was significantly higher in the glutamate group compared with control. *p Ͻ 0.05 (Student's t test). n ϭ 9 -18 areas from 3 mice. F, The glutamate treatment (100 M) significantly increased the area of brain slices. *p Ͻ 0.05 versus control (Tukey's test after two-way repeated-measures ANOVA). **p Ͻ 0.01 versus control (Tukey's test after two-way repeated-measures ANOVA). n ϭ 4 slices from 4 mice. Thus, our results suggest the possible involvement of HTinduced TRPV4 activation in brain edema after ischemic stroke. Although HTTM has not been widely used as a treatment for brain edema because its mechanisms remain unclear, our results may provide TRPV4 as a molecular target of HTTM in the prevention of brain edema. This idea is partly supported by our in vivo data showing that TBI-induced brain edema is suppressed in TRPV4 KO mice.
Our in vitro model of brain edema enabled us to precisely and stably manipulate the experimental conditions surrounding brain tissue, including the temperature of the recording media and the concentration of applied reagents. Furthermore, the coronal area of the slices, an index of brain edema, can be measured without additional damage to the brain tissue, allowing us to record time-dependent developments of brain edema. Brain edema was characterized as cytotoxic, vasogenic, or ionic (Klatzo, 1967; Stokum et al., 2016) : cytotoxic edema is caused by water movement into the intracellular compartment of brain cells, whereas vasogenic and ionic edema is caused by water movement from the vasculature into interstitial areas of the brain. The water movement is caused by the disruption of blood-brain barrier, which is vasogenic edema-specific, or by ion extravasation mediated by plasma membrane channels and transporters. Thus, our in vitro model of brain edema partially represents cytotoxic edema because there is no contribution of blood flow in acute brain slices.
We confirmed the involvement of TRPV4 in brain edema in vivo using a mouse model of TBI, which was induced by stab wound injury (Belkacemi et al., 2017) . We used the TBI model instead of ischemia models, such as middle cerebral artery occlusion because whether brain edema is induced in rodent models of ischemia remains controversial: some studies reported that edema was not observed (Hirayama et al., 2015; Jie et al., 2015) , but others observed edema at least to some extent (Manley et al., 2000; Shen et al., 2018) . These controversial points were of concern for histologically assessing edema in the present study. Thus, we used the TBI model because brain edema was reproducible and able to be assessed histologically (Fig. 5) as previously reported (Belkacemi et al., 2017) . Even though TBI is not an ischemia model, we have found that TRPV4 is involved in brain edema also in vivo, confirming that the findings obtained in our novel in vitro model are not in vitro artifacts. However, because TBI is not an ischemia model, future studies with clinical and in vivo experimental analyses are necessary to determine whether TRPV4 is involved in brain edema under ischemic conditions.
Our results suggest that TRPV4 activation is a key determinant in the induction of brain edema after ischemia-induced HT in vitro. In addition, TRPV4 activation is sufficient to induce brain edema in vitro, as the TRPV4 agonist GSK1014790A alone induced swelling of brain slices. The effect of GSK1014790A on the swelling of brain slices was dose-dependent. In addition, the effect of HT on the swelling of brain slices was temperaturedependent, which is in consistent with the property of TRPV4 that fever additively activates TRPV4 in response to an increase in temperature . These findings suggest that stronger and additive activation of TRPV4 accelerates the development of brain edema.
Recently, it has been reported that TRPV4 mediates brain edema (Jie et al., 2015; Lu et al., 2017) , but whether and how the thermosensitivity of TRPV4 contribute to brain edema has been unknown. TRPV4 is a nonselective cation channel through which Ca 2ϩ enters the cell from the extracellular space in both neurons and astrocytes (Ryskamp et al., 2014; Shibasaki et al., 2014; Rakers et al., 2017) . Because the elevation in intracellular Ca 2ϩ levels is critical for the formation of brain edema (Abe et al., 1988) , Ca 2ϩ influx through TRPV4 may directly contribute to the pathogenesis of brain edema. Furthermore, it has been shown that TRPV4 activation induces water transport through Ano1, a Ca 2ϩ -activated Cl Ϫ channel (Takayama et al., 2014) . Therefore, it is highly possible that OGD-induced TRPV4 activation causes Ca 2ϩ influx, and this leads to water transport through Ca 2ϩ -activated channels. Alternatively, the influx of other cations through TRPV4 may also contribute to brain edema. For example, neuronal swelling is partly caused by prolonged increases in intracellular Na ϩ that result in osmotic imbalances and water entry (Rungta et al., 2015) . Additionally, TRPV4 could produce edema by serving as an osmotic sensor that mediates changes in osmotic pressure (Liedtke and Friedman, 2003; Mizuno et al., 2003) or by being activated by membrane stretch (Mochizuki et al., 2009; . Therefore, it is possible that swelling itself recurrently activates TRPV4 to exacerbate brain edema.
We investigated the temperature of brain slices using FPT and a TCSPC system-based FLIM, finding that OGD treatment, which mimics ischemia, increased the temperature of brain slices by an estimated elevation of 2.12°C on average. Further, we found that mild HT (estimated increase of 1.0°C to 5.0°C) could result in the swelling of slices. TRPV4 activation is enhanced by heating and additively activated in response to an increase in temperature . Therefore, heatevoked (ϳ2°C) TRPV4 sensitization in specific temperatureelevated regions may further progress the development of brain edema through an additive TRPV4 activation. Moreover, this activation of TRPV4 can possibly be accelerated via mechanical stimuli that is caused by the cell swelling itself because TRPV4 also serves as a volume-sensitive mechanosensor (Nilius et al., 2001 ). In addition, we have previously reported that the TRPV4 activation enhanced NMDA receptor activation . Therefore, TRPV4 activation might be involved in multiple steps, such as an enhancement of NMDA receptor activation, Ca 2ϩ influx by HT-induced activation, resulting in the dysregulation of cell volume changes in the process of brain edema. It has been shown that 2°C-3°C changes in brain temperature significantly affect brain functions and neuronal properties (Hodgkin and Katz, 1949; Ritchie and Straub, 1957; Schiff and Somjen, 1985; Moser and Andersen, 1994) . The mechanisms by which ischemic conditions increase the intracellular temperature of brain cells remain to be elucidated. Practically all processes in the body could be temperature-sensitive, although to different extents.
In our in vitro model, there is no contribution of blood vessels and cerebral blood flow to the increase of temperature. Promoted transcription of immediate early genes in ischemia (Honkaniemi and Sharp, 1996) could cause the increase of temperature, as gene transcription is potentially accompanied by heat production. Furthermore, ischemia-induced apoptotic processes could be another candidate mechanism that mediates the increase in temperature because apoptosis results in heat production via DNA cleavage (Gota et al., 2009) . Ischemia-induced expression of pyrogenic cytokine (Hill et al., 1999 ) may also be a cause for heat production because pyrogenic cytokines cause thermal responses in the body, resulting in temperature increase (Evans et al., 2015) . However, it should be noted that pyrogenic cytokines presumably act on the hypothalamus in vivo, and thus they would not explain the temperature rise in the brain slices in vitro.
Several molecules other than TRPV4 have also been suggested to be involved in the pathogenesis of brain edema. Such molecules include reactive oxygen species, AQP4, vascular endothelial growth factor, inflammatory cytokines, and plasma membrane ion channels and transporters (Manley et al., 2000; Adeva et al., 2012; Jie et al., 2015; Lu et al., 2017) . Whether activated TRPV4 interacts with these molecules to induce brain edema should be studied in the future.
Although we have not determined TRPV4 of what cells are most responsible for edema, it is predictable that astrocytes play considerable roles because the water channel AQP4 is highly expressed in astrocytic endfeet (Tait et al., 2008) and forms complexes with TRPV4 in astrocytes (Benfenati et al., 2011) . It should also be noted that TRPV4 is expressed in a restricted subpopulation of astrocytes , which may result in the differences in temperature elevation between each astrocyte. In addition, the TBI model used in the present study was shown to be associated with astrocyte proliferation (Belkacemi et al., 2017) and reactive astrocytes (Heinrich et al., 2014) . Notably, it is reported that ischemia significantly increased the number of TRPV4-positive astrocytes and contributed to the Ca 2ϩ influx in reactive astrocytes (Butenko et al., 2012) . It is also reported that initiation of cell swelling caused membrane stretch and produced arachidonic acids and their metabolites. These molecules activate TRPV4 and Kir4.1 channels in the Müller glia, which is similar to astrocytes . The activation of Kir4.1 can cause K ϩ buffering, and this ion influx can generate the driving force of water influx via AQP4.
There are multiple forms of AQP4 expressed in the brain, such as M1 and M23 isoforms (Tait et al., 2008) . It has been shown that M1 exhibits higher water permeability than M23 (Fenton et al., 2010) . In addition, these isoforms have opposing effects on intramembrane organization of AQP4 (Furman et al., 2003) , which may affect the efficiency of AQP4 anchoring to intracellular proteins and the localization of AQP4 in a cell. Thus, it is possible that multiple AQP4 isoforms contribute differently to the generation and prevention of brain edema, but how these isoforms interact with TRPV4 in the process of edema remains unknown.
It should also be noted that there are endogenous mechanisms that prevent astrocytic swelling via activation of adrenergic receptors (Vardjan et al., 2016) . Thus, it is possible that the release of noradrenaline in our in vitro system is impaired, allowing the swelling of brain slices.
Brain edema usually progresses from the early stage of ischemic stroke. Thus, antiedema intervention would be effective to prevent the following neuronal death. In our in vitro model, significant swelling of brain slices was observed as early as 30 min after the onset of OGD, allowing us to study the early phases of changes in the brain milieu after ischemia. Thus, our in vitro model will be useful to discover molecules in addition to TRPV4 that are essential for antiedema therapies.
